Twenty-three sugars and sugar derivatives prevent the spread of colonies of the gliding bacterium Cyrophaga johnsonae on 1'5% agar gels. Concentrations of sugars that inhibit colony spread have no inhibitory effect on motility or growth of cells. Observations of patterns of colony spread on plates with pre-established concentration gradients of sugars indicate that cells of C . johnsome do not exhibit a chemotactic response to compounds that inhibit their spread. Inhibitory compounds were placed into three groups based on their relative effectiveness as inhibitors. Both metabolizable and non-metabolizable sugars served as inhibitors, it was not necessary for a sugar to be transported into the cell to inhibit, and the effectiveness of a sugar as an inhibitor did not correlate with its ability to support growth. The inorganic ions Mg2 , Ca2 + and Sot-also inhibit colony spread on 1.5% agar gels. All the evidence taken together suggests that inhibitors of spread produce their effects by modifying the properties of a surface slime. The observations reported here help to give an experimental definition to two components of the gliding motility system of C. johnsonae: the motility 'machinery' that is responsible for an actively moving cell surface and is not affected by the presence of sugars, and an extracellular component which is sensitive to sugars and which is required for translocation of cells with moving surfaces.
INTRODUCTION
Under appropriate conditions of incubation on agar gels, cells of Cytophagu johnsonue produce flat, spreading colonies characteristic of gliding bacteria. Stanier (1946) reported that high concentrations of peptone added to growth medium inhibited motility of C. johnsonae cells, resulting in the production of raised, non-spreading colonies. Other investigators have reported that increased concentrations of nutrients inhibit motility of other gliding bacteria (Burchard, 1981 ; Christensen, 1977;  Duxbury et a/., 1980; Garnjobst, 1945;  Henricksen, 1972; Stanier, 1946) . But recently it was reported that certain metabolizable sugars when added to agar media completely prevented colony spread of C. johnsome cells without having any effect on their motility (Chang & Pate, 1981) . It was speculated that sugars that serve as chemoattractants might bl&k the spread of motile cells when added to the agar plates in concentrations sufficiently high to prevent the establishment of a concentration gradient by the metabolizing cells, or that metabolism of the sugars might induce synthesis of surface polymers that impede cell translocation over an agar surface, or that sugars might somehow interfere directly with the ability of motile cells to spread over the agar gel. This investigation grew out of attempts to distinguish the correct explanation among these possibilities, and the results we report here strongly suggest that cells of C. johnsonae do not exhibit a chemotactic response to sugars and without a test carbohydrate was poured onto the remaining area of the Petri plate and allowed to stand at 25 "C for 4 h. In these gradient plates, sugar-containing agar is referred to as the 'front'. Using a multi-point inoculator. five droplets of a cell suspension were inoculated along a diagonal away from the front. The distance between the centres of adjacent spots was approximately 17 mm. The first spot was approximately 10 mm from the front (see Fig. 1 a) . The inoculated plates were incubated at 25 "C for 36 h. The colonies were then observed and measured using phase-contrast microscopy.
Culuny spread on solid media containing ungorrn concentrations of a test chemical. Approximately 5 ml of a test medium were poured into a 45 mm Petri plate and left at 25 "C for 8 to 12 h. A 3 pl sample of the cell suspension was spotted at the centre of each test plate using an Eppendorf pipette. The inoculum was absorbed into the agar gel within 2 h, at which time the diameter of the inoculated area on each test plate was measured using the Calibrated scale on the stage of a Zeiss phase-contrast microscope in conjunction with a Sony video recorder and a Hitachi television monitor. The diameter of the inoculated area was 4-7 mm f 0.5 mm on all test plates. The small variation had no significant effect on the spreading rates calculated from later measurements. Plates were then incubated at 25 "C for 16 or 24 h (as indicated in Results) and the diameters of the spreading colonies were measured as before. In all cases where pre-grown cells were deposited on surfaces of gels to produce concentrated masses of cells, the deposited mass is referred to as a colony. although these are not colonies in the true meaning of the word, not having arisen in siru. For rate calculations, 2 h was taken as the initial time point since no increase in colony diameter was observed until this time. Two test plates were used for each experimental condition. and the glucosc-containing plates without ever observing mutants whose spread is not inhibited by glucose. In addition to routine screenings of colonies on EC-glucose plates, efforts were made to isolate non-inhibited mutants by inoculating EC 1.5% agar plates containing 10 mwglucox or sucrosc with cells streaked in a large cross on the surface of each plate. Plates were incubated in moist chambers at 25 "C for up to two weeks and inspected periodically for flares extending out from the central lines of immobilized cells. Both mutagenized and untreated populations of cells were used in these experiments. Cells were mutagenized by incubation at 25 "C with shaking for 30 min in phosphate buffer ( 5 mM, pH 7.1) containing 200 pg N-methyl-N'-nitro-N-nitrosoguanidine (NG) ml-I. In different experiments, this treatment resulted in the death of 96 to 97% of the cells. Treated cells were washed once and resuspcnded in phosphate buffer for viability counts and for use in mutant isolations. In addition to cross-streaking on glucose-or sucrose-con taining plates, mutagenited cells were plated on EC-sucrose agar after appropriate dilution to give rise to individual colonies. These plates were incubated in moist chambers and examined periodically over a two week period for spreading colonies.
Assays for moi'ement and translocation of' indiriduat cells. Cells taken from broth cultures (EC or SD) and examined on glass slides by phase-contrast microscopy attach to surfaces of the slide and cover glass and move rapidly (about 600 pm min -) for short distances backwards and forwards. Spinning, pivoting and somersaulting movements are also frequently seen (Pate & Chang, 1979) . Motility of cellsgrown in EC broth cultures containing inhibitors of colony spread was compared qualitatively with that of cells grown without inhibitors. When cells whose motility has been established by microscopy are transferred from broth cultures to the surface of a 1-5Y0 agar gel, movement stops immediately and does not resume for 1.5 h or longer, During this 'adaptation' period, cells may accumulate around them a slime that is required for translocation over agar. Once the adaptation period is over, translocation of individual cells on surfaces of 1.5% agar can be obscrved by phasccontrast microscopy.
Translocation on agar surfaces is always much slower (approximately 24 pm min-I ) than translocation on glass surfaces. and the spinning, pivoting and somersaulting movements are never seen on agar. To determine translocation of individual cellson I .5% agar, a cell suspcnsion was diluted so that when spotted on agar individual cells or small groups of cells were well separated from each other. Plates were incubated at 25 "C for 24 h. The translocation of cells was recorded periodically using phasesontrast microscopy in conjunction with a video-tape recorder. Vidco-tape recordings were observed at 18 times actual speed.
It is not possible to determine by direct observation whether cells in non-spreading colonies are moving. since individual cells cannot be distinguished in these colonies. Therefore, cells taken from the edges of colonies on gels with or without inhibitorsofcolony spread were suspended in broth, placed on glass slides and examined by phasecontrast microscopy. For a reason unknown to us, populations of cells taken from the edges of colonies on agar surfaces are never as actively motile on microscope slides as those taken from broth cultures. That is, many fewer cells in any field are likely to be moving when cells are taken from agar surfaces than from broth. Therefore, motility of cells from solid media with or without inhibitors was compared by counting numbers of moving cells per total cells counted in three different fields for each condition tested.
Ability of C. j o b n a e to utilize ucrrious test chemicals as sole carbon andenergy sources. A 4 ml sample of SD broth containing a test compound added to a concentration of 50 mM was inoculated with 0.1 ml of a late exponential phase EC broth culture of C . j o h n u e and incubated for up to 72 h or until the optical density reached approximately 100 Klett units. Then 4 ml of fresh SD broth containing 50 mM of the same test compound was inoculated with 0.1 ml from the 72 h culture and incubated at 25 "C as before. A final I ml transfer was made into 25 ml fresh SD broth with a test compound, incubated with shaking at 25 "C, and growth was monitored by measuring the increase in Klett units over a 48 h incubation pcriod. If an increase of less than 5 Klett units was observed, the test substrate was considered incapable of serving as a sole carbon and energy source. Growth rates were determined for those compounds serving as sole carbon and energy sources.
Phage semiticity ofcetlsgrown under conditions that allow or inhibit spread. Cells of C . johmonae were grown to 8& 90 Klett units in EC broth, EC broth containing 100 mu-glucose. and EC broth containing 100 mu-sucrose.
Additional cultures were grown as confluent lawns on EC agar containing 100 mu-glucose and EC 1-59; agar containing 100 mld-sucrose for 12 hat 25 "C. In some experiments platcgrown cells were suspended in EC broth to approximately 90 Klett units, and 0-1 ml volumes of all cultures were then spread onto fresh EC agar medium or EC agar containing 100 mu of the test sugar as was present in the preceding culture conditions. In addition. some plate-grown cells were removed from the agar surface using a glass rod and spread directly onto fresh agar medium. Test phage lysates were then spotted onto lawns of C. johmowe. After approximately 24 h incubation at 25 "C the plates were examined for zones of lysis. The ability of individual phage particles of 4CJ30 to form plaques on lawns arising from cells pre-grown under the above conditions was also tested. Approximately lo8 cells were suspended in 4 ml of an EC overlay agar (0.77, agar) with and without 100 mu-sucrose or glucose. Approximately 100 4CJ30 particles were added to each of these suspensions which were then immediately vortexed and poured onto EC agar with and without a test sugar. For each condition tested, plates were set up in triplicate.
Plaques were counted after 24 h incubation at 25 "C. Uptake ojglucose and sucrose. Cell suspensions prepared as described above were used in the assays described filtered as before. The membrane filters were dried under a beat lamp, placed into 10ml scintillation fluid containing (per litre of toluene) 0.1 8 1 ,~bis-2-(5-phenyloxazolyl)btnzene and 4 g 2,Sdiphenyloxazole in glass scintillation vials, and counted at approximately 93% efficiency in a Packard liquid scintillation spectrometer. Protein determination. Protein assays were done using the BieRad protein assay kit (BieRad) (Bradford, 1976) . Calcularionr of roles ojspreud, uptake rates ond analysis of varbnce of cell moriliry. Lines of best fit were determined by least-squares linear regression. Analysis of variance and least-squares linear regression were done using Minitab computer software (Madison Area Computer Center, Madison, Wis., USA). Fig. 1 (a) represents colonies grown from spot inoculations along a diagonal away from the glucose front on a PB gradient plate. The sparse growth of cells on these plates resulted in colonies whose outlines were difficult to make out at low magnifications, so that photographs of the whole plates are not useful. The diagram was prepared from a tracing of colonies grown on a glucose gradient plate and gives a representation of the relative sizes of colonies at varying distances from the front. In the following description of individual colonies, Roman numerals identify the colony positions on the gradient plate as indicated in Fig. 1 (a) . Colony I, nearest the front, was the smallest of the five, and colony diameter increased with distance from the front.
RESULTS

Colony spread on gradient plates
Colony I (Fig. I b) showed several small projections from the edge facing away from the glucose front, but there was little or no spread of cells beyond the area inoculated. Cells in colony I1 (Fig.  1 c) spread in all directions from the area originally inoculated but moved a greater distance in the direction away from the glucose front. Cells in colony I11 spread still more in all directions than did those in colony 11, and again cells moved a greater distance on the side of the colony away from the front than towards it, Colonies IV and V (not shown) appeared similar to colony III but were slightly larger in diameter. It is obvious that the pattern and extent of colony spread was influenced by the glucose concentration gradient established on this plate, and it is clear that there was no concentration of glucose that stimulated the cells to move preferentially up the gradient, towards the glucose front. Results similar to the ones described here were obtained when maltose or N-acetylglucosamine gradient plates were prepared. Gradient plates prepared with fructose, mannose, galactose or xylose were similar in that the diameters of colonies increased with distance from the front and cells in each colony always moved a greater distance on the side away from the front than the side facing the front. However, on these plates spread of the colony closest to the front was never completely inhibited, but appeared somewhat like colony 111 on the glucose gradient plate.
Examination at higher magnification of cells at the edges of colonies on the glucose gradient plate reveals that as the concentration of glucose increases, the pattern of advancing cells shifts from one of a loose network of individual cells and small groups of cells to progressively larger massesof cells with no free individuals. Fig. 2 shows the edges of colonies I, 11,111 and IV on the glucose gradient plate. The edge of each colony closest to the front is referred to as the near edge and the one farthest from the front the far edge. Both near and far edges of colony I (Fig. 2a, b) are smooth with some small irregularities, and no individual cells are evident. The near edge of colony I1 (Fig. 2c) is also smooth, but the outline is very irregular with many large projections. Again, there are no individual cells free of the mass. The far edge of this same colony ( Fig. 2 4 is quite different. Cells are still held together in masses, but the outward moving projections are more slender than on the near side, and these projections sometimes fuse in their outermost regions, leaving unoccupied areas rather than a solid mass of cells behind. The projections of cells at the near edge of colony I11 (Fig. 2e) are even more slender and this trend continues on the far side of this colony (Fig. 2$) , where some individual cells can be seen. Patterns of cells at the edges of both near and far sides of colony IV approach the loose networks seen on plates with no sugar added (cf. Fig. 5 4 , except that the aggregates of cells are somewhat larger than when sugar is completely absent. The edges of colony V (not shown) were identical to those of colony IV.
Colony spread on plates with unifbrm concentrations of solutes
When washed cells were inoculated at the centres of PB agar plates and incubated at 25 "C, the colonies increased in diameter at a constant rate for at least 90 h. Cells inoculated on PB plates containing various concentrations of glucose produced colonies whose rates of spread decreased with increasing concentrations of glucose until a concentration was reached that completely inhibited spread (Fig. 3) . Although each concentration of glucose (below the complete inhibitory concentration) decreased the rate of spread, the rate was always constant throughout the 90 h incubation period. The rates of colony spread obtained by these measurements are shown in Fig. 4 plotted on a logarithmic scale against the concentration of glucose. When plotted this way, there is seen to be an inverse linear relationship between the logarithm of the rate of spread and the concentration of glucose over part of the concentration range tested. This kind of plot is useful for comparing the effectiveness of various solutes at inhibiting colony spread under a variety of conditions. For each solute, one can determine the minimum concentration causing a significant deviation from the maximal spreading rate (the 'threshold' concentration), the lowest concentration required to completely inhibit colony spread ('saturation'concentration), and a solute concentration (ICs0) that inhibits the colony spread by 50%. That is, when the concentration of a compound is increased by the 1C5, value, the rate of colony spread will be decreased by 500; at any point during the linear portion of the curve. Twenty-three sugars and sugar derivatives were compared for their inhibitory effects of colony spread on PB plates (Table I ) . In these comparisons, all colonies were measured at 16 h incubation periods, rather than 90 h as for glucose-containing plates. All the test compounds listed inhibited colony spread, and the results allow placement of the compounds into three groups. Group I includes compounds whose threshold concentrations range from 0.1 to 0.4 mM, saturation concentrations from 3 to 7 mM, and ICs0 values from 0-7 to 1-8 mM.
The corresponding values for group I 11 compounds are 25 to I00,400 to 750, and 57.2 to 1 19-6 mM. Values intermediate to those obtained for group I and group 111 compounds were found for the two sugars placed in group 11. Table I also indicates whether each of the test compounds serves as a sole source of carbon and energy for cells grown in SD medium, and for those that do support growth, comparative growth rates are indicated. There is no correspondence between the ability of a compound to support growth and its effectiveness as an inhibitor of colony spread. The rate of growth using fructose or mannose (group 111 sugars) is approximately the same as that supported by glucose (a group I sugar). Neither sucrose nor I -0-methyl a-D-glucopyranoside serves as a carbon and energy source, but both inhibit colony spread at concentrations characteristic of group I compounds, whereas seven other non-metabolizable compounds behave as group 111 compounds in their inhibitory properties. With the exception of glucose 6-phosphate and glucoheptose, all sugars listed in Table 1 which did not support growth of C. johnsonae were tested for their effects on growth when added at 100 mhi to EC medium. None of the sugars inhibited growth. It was shown earlier (Chang & Pate, 1981) that Mg?', Ca? + and SO:-but not CI-or Na' inhibit colony spread of C. johnsonae. Threshold and saturation concentrations measured for MgC12.6H20, CaCI2.2H2O and Na?SO, are given in Table 1 . Of these only CaC12.2H,0 inhibits cell growth at the saturation concentration when added to EC broth or SD-glucose broth. Colonies on solid media containing 25 or 50 mM-CaC1,. 2 H 2 0 contained misshapen and lysingcells, which was not true of cells on solid media containing MgC12 or Na2S04 at saturation concentrations. the logarithm of the rate of colony spread = bo + 6, [solute] such that the lCso = -log 2 / b l . At a = 0.02 the lCso within Groups I, I1 and 111 arc found to be equal, while between these groups there arc significant differences. The ICj0 for the metals tested would also be considered equivalent and lie within Group I1 of the sugars and sugar derivatives.
8 Maximum growth rate of test culturesexpressed as a percentage of the highest maximum growth rate observed in SD medium; NO, no growth. agar without addition of the test compound.
Figs 5(a), (b), (c) and (d) show the edges of colonies spreading on PB agar containing 6 mwglucose, 1 mhi-glucose, 0.3 mM-glucose and no glucose, respectively. On plates containing uniform concentrations of glucose, the pattern was the same as that seen on glucose gradient plates: as the concentration of glucose was increased, cells accumulated into larger masses and individual cells did not move away from masses of cells. With 0-3 mwglucose, which is just at the threshold concentration, the pattern has already shifted from the loose network typical of cells spreading in the absence of glucose (Fig. 5d) to a much tighter network consisting of small clumpsof cells (Fig. Sc) . With 1 mM-glucoSe, even small clumps were unable to break away from larger masses, and colony edges consisted of cells packed into slender, interconnecting Gliding motility of Cytophaga johnsonae 2659 projections from the central part of the colony (Fig. 56) . At the saturation concentration ( 6 . 0 m~) not even slender strands extended away from the colony (Fig. 5a ).
Eflect of sucrose on translocation of indicidual cells on l*S% agar When dilute suspensions of cells were deposited on PB I -5% agar gels and monitored by phasecontrast microscopy, cells began to translocate after approximately 1 *5 h incubation at 25 "C. Upon continued incubation (24 h), cell division and translocation resulted in a loose network of cells distributed over the agar surface. When cells were deposited on PB 1 *5 % agar containing 3 mM-or 6 mM-SUCrOSe, translocation was never observed. After prolonged incubation, cell divisions resulted in the formation of microcolonies over the agar surface. Lower concentrations of sucrose (0.3, 0.6, 1-0 mM) prolonged by about 2 h the incubation period required for translocation to begin, the speed of translocation was greatly reduced, and relatively few cells were ever seen translocating in any field compared with cells on plates with no sucrose. As with no sucrose, 24 h incubation resulted in cells distributed in a loose network.
Attempts to isolate non-inhibited mutants
When EC-glucose or EC-sucrose (1.5% agar) plates are cross-streaked with cells of C. johnsonae and incubated at 25 "C, luxuriant growth is observed after 24 h. Growth is confined to the inoculated area, since colonies do not spread on these plates. A total of 290 plates were crossstreaked with untreated cells (lo8 to lo9 cells per plate), and another 290 plates were crossstreaked with NG-mutagenized cells ( lo6 to lo7 cells per plate). No flares of spreading cells were observed on any of these plates, even after incubation for two weeks. In addition, over 80000 colonies grown from NG-mutagenized cells plated on EC-sucrose agar were examined for spreading edges, but no non-inhibited mutants were found. Eflects of sugars on colony spreud on dgfetent media solidifipd with 1.5% agar Results of experiments to determine whether the composition of the medium influenced the inhibition of colony spread caused by glucose or sucrose are shown in Figs 6 and 7 . Of the three media tested, only EC supports good growth with no metabolizable sugar added. Growth on SD-glucose plates is greater than on PB-glucose plates, due to the presence of ammonia as a nitrogen source in the former but not in the latter. Some growth occurs on both SD and PB plates with no glucose added, due to growth-supporting contaminants present in Bacto-agar (Bretscher & Kaiser, 1978) , but, as judged from the appearance of spreading colonies, the amount of growth over the 24 h period of incubation is approximately equivalent on PB and SD plates and is minimal when compared to growth on EC plates. Growth on EC plates is thick and luxuriant, making the spreading colonies clearly visible, whereas the flat, almost transparent colonies are difficult to see on PB and SD plates. Glucose stimulates growth when added to PB or SD media (more growth on SD than on PB) as evidenced by increased colony mass. Sucrose has no effect on growth when added to these media. Under all conditions tested, the rate of spread was greatest on EC plates and approximately equivalent on PB and SD plates. On all three media, the addition of an equivalent amount of glucose caused approximately the same percentage decrease in colony diameter (1Cs0 values were within the range of 0.6 to 1.3). Thus the spread of rapidly growing cells is not more or less susceptible to inhibition by sugars than is the spread of slowly growing cells incubated under nutrient-poor conditions, and there is no indication that any components of the three different media tested tend to relieve the inhibitory effects of sugars on colony spread.
Esfects of sucrose on colony spread on EC medium solidified with dijjferent gelling agents A comparison of colony spread in response to various concentrations of sucrose added to EC medium solidified with agar (I.S%), agar (0*7%), Gelrite (0.4%) or agarose (0.7%) is shown in Fig. 8 . With no added sucrose, colony spread was greatest on 1.5% agar gels, reaching a diameter after 24 h incubation nearly twice that observed on the other three gels. As sucrose was added to increasingly higher concentrations, diameters of colonies on 1 .S% agar and 0.7% agarose gels became correspondingly smaller, just as in previous experiments using 1.5% agar gels. But the diameters of colonies on Gelrite gels remained about the same throughout the concentration range of sucrose shown. High concentrations (100mM) of sucrose did decrease the diameters of colonieson Gelrite by about 50?/, (not shown). Diameters of colonies on 0.7% agar gels increased dramatically (from I2 to 27-5 mm) with the addition of sucrose to 1.0 mM. As the concentration of sucrose was increased beyond 1.0 mM, diameters of colonies on 0.7% agar gels gradually decreased but never to a diameter smaller than colonies on 0.7% agar gels with no added sucrose, even when sucrose was added to a concentration of 100 mhi (not shown).
AIthough the effects of sucrose on colony spread differed on 0.7 and 1.5% agar gels, its effect on the pattern of cells at colony edges was similar on both gels (Figs 5 and 9 ). That is, as the concentration of sucrose increased, cells at the colony edges become progressively more aggregated into larger masses until a concentration was reached that prevented movement of single cells or small groups of cells away from the larger mass. On 0.7% agar gels without sucrose (Fig. 9e) cells were scattered at colony edges and did not move along thin lines extending far away from the colony as on 1.5% agar (Fig. 5 4 . The same relationship was seen on Gelrite gels.
Eflects of other solutes on colony spread
Since colony spread on the three media used (EC, PB, SD) was always greatest on EC medium, some effort was made to determine which components of EC medium stimulated colony spread. Neither single amino acids, groups of amino acids, nor Casamino acids added to SD medium at any concentration stimulated colony spread, indicating that the increased colony spread on EC medium was not due to its amino acid components. These experiments also confirmed an earlier report that amino acids do not inhibit colony spread when added to solid growth media (Chang dc Pate, 1981) . Attempts to increase colony spread by various salts, EDTA and organic solutes added to the PB agar failed. When tryptone was increased from 0.2% to 0.6% in EC medium, colony spread was greatly decreased, but not completely inhibited. The effects on colony spread of decreasing the tryptone concentration below 0.2% were not determined.
Motility of cells growing in the presence of compounds that inhibit colony spread
All sugars listed in Table 1 , except glucose &phosphate and glucoheptose, were examined for their effects on the motility in wet mounts of cells grown in broth cultures at concentrations which totally inhibit colony spread. All group I compounds were tested at l 0 0 m~ and both group I1 compounds were tested at 250 mM. Group 111 compounds were tested at 400-500 mM. In no case was there any inhibitory effect on the motility of broth-grown cells. Furthermore, no difference could be detected between the motility of cells washed and resuspended in phosphate buffer with or without 100 mM-glUCOSe or sucrose. Cells growing on EC agar (1.5%) to which 100 mwglucose or sucrose was added were actively motile when examined in wet mounts.
Phage sensitivity of cells grown in the presence of glucose or sucrose
Evidence from previous work indicates that all phages thus far isolated against C. johnsonae infect only motile cells. A group of 28 phages did not infect truly non-motile mutants, and adsorption of phages was abolished when wild-type cells were treated with carbonyl cyanide Mchlorophenylhydrazone (CCCP), which reversibly inhibits motility (Pate et al., 1979; Chang, 1982) . This work has been extended in our laboratory using the original 28 phages plus 1 1 more recently isolated phages and over 100 independently isolated non-spreading mutants or wildtype cells whose motility was eliminated with chemicals or by temperature adjustments (R. H. Wolkin & J. L. Pate, unpublished observations; Chang, 1982). These phages have proved useful for determining whether mutants isolated for their inability to spread (non-spreading colonies on 1.5% agar gels) are truly non-motile and whether experimentally altered wild-type cells are motile. In all cases where non-spreading mutants have been found to be sensitive to some or all phages, they have proved by further examination to be motile non-spreading mutants rather than truly non-motile mutants. As described in Methods, cells to be tested for phage sensitivity were pre-grown in EC broth as well as in EC broth or on EC plates to which 100 mhi-glucose or sucrose had been added. Cells were pre-grown under the same conditions to be used in tests for phage sensitivity in order to ensure that any alterations induced in motility or in components of the cell surface by growth in the presence of inhibitory concentrations of sugars would already have occurred when phages were added to cells. There was no difference in sensitivity to any of the test phages as determined by spotting phages on lawns of cells with or without 100 mMsucrose or glucose. Furthermore, the plaque-forming efficiency of phage #CJ30 did not vary significantly on EC media with or without 100 mM-glucose or sucrose added (using analysis of variance with triplicate values for each test condition, the P value was between 0.5 and 0.75 with a pooled SD of 7.43). Transport ofglucose and sucrose bj-cells of C . johnsonae Glucose was accumulated by cells over a 10 min time course at a constant rate of 4.9 x 10-nmol (pg protein)-* s -I (Fig. 10) . Addition of CCCP to the reaction mixture to 20 PM completely eliminated glucose accumulation (not shown). There was no accumulation of sucrose.
DISCUSS I ON
Although at saturation concentrations and above all sugars and sugar derivatives tested (hereafter referred to simply as 'sugars') completely inhibited colony spread on 1.5% agar gels, cell motility was not inhibited, as determined by direct microscopical observations and by the unchanged sensitivity of sugar-treated non-spreading cells to phages that do not infect nonmotile cells. Of the 23 sugars shown to inhibit colony spread, only 10 served as sources of carbon and energy when added to a defined medium. A limited number of sugars was tested earlier (Chang & Pate, 1981) , and it was reported that of those tested only metabolizable sugars inhibited colony spread and that the only non-metabolizable sugar (lactose) tested did not. As shown in this study, all sugars tested, metabolizable or not, inhibit colony spread, and the failure of lactose to inhibit previously is now understood to be due to its high threshold concentration (100 mM). None of the 1 1 non-metabolizable sugars tested inhibited growth when added to EC medium (at 100m~), and it seems likely that none of them was transported, although only sucrose was tested and shown not to be transported. Sugars inhibited equally well the spread of rapidly growing cells (EC medium or SD plus glucose) and slowly growing, nutrient-starved cells (SD plus sucrose or PB plus sucrose), indicating that the metabolic state of the cells is unrelated to their sensitivity to inhibition by sugars.
It was suggested earlier (Chang & Pate, 1981) that sugars that inhibit colony spread of C . johnsonae might do so as a consequence of their serving as attractants. The reasoning was that sufficiently high concentrations of an attractant incorporated into the agar gel would not be metabolized rapidly enough to establish a concentration gradient for cells to respond to, and, consequently, the direction of cell movement should be completly unbiased and cells would fail to migrate far from the point of inoculation. If this explanation were correct, then some position on the gradient established by diffusion of sugars out from the front on gradient plates should have caused preferential movement of cells toward the front, up the concentration gradient.
Instead, the only direction of biased movement seen on any of the gradient plates was down the gradient and this is explained not by chemotactic behaviour, but by the inverse relationship between rate of colony spread and concentration of sugar. In all cases (even for group I sugars) the threshold concentrations required to inhibit colony spread were somewhat higher than would be expected for threshold concentrations of attractants to elicit positive chemotactic responses, based on threshold values of attractants for E. coli (Adler, 1975) . Therefore, the more distant colonies from the front, whose cells were capable of traversing the agar surface, would have been expected to exhibit biased movement up the gradient if the test compound were an attractant, but none did. Clearly, the reason sugars inhibit colony spread on agar surfaces is , 1983) , and it was pointed out that the slow rate of surface translocation of Myxococcus xunthur would make it impossible for cells to detect and respond to a concentration gradient of any test solute, since the solutes diffuse through the agar gel faster than cells move over the gel.
If sugars inhibited colony spread by effecting a change in the motile behaviout of cells or by stimulating cells to synthesize a different or altered surface polymer that immobilized cells or by inducing any other kind of change in the behaviour or biosynthetic patterns of cells, it should be possible to isolate mutants that fail to respond to the presence of sugars as wild-type cells do and whose surface translocation would therefore not be inhibited. Despite extensive searches, we have not isolated these kinds of mutants, suggesting that sugars do not inhibit the spread of wildtype cells by eliciting some response that could be modified by mutation. It also suggests that if inhibition of spread is due to modification of the properties of a cell surface component when sugars are present, then that surface component must be required for translocation over the surface of I .S% agar gels. Otherwise, mutants lacking this surface component or with an altered component could be isolated as non-inhibited mutants.
Wherever examined, gliding bacteria have been found to produce slime, which is thought to be involved in motility, but its role in that process is unknown (Burchard, 1981 Henricksen, 1972) . Slime is recognized by the cohesive nature of colonies of gliding bacteria and is often deposited as slime tracks on agar surfaces over which cells move, and these tracks serve as preferred paths of movement for other cells that follow (Burchard, 1982) . The nature of the substratum is also important in determining whether or not cells can translocate over it, suggesting that not only must the cell be capable of movement, but that its own surface must be capable of interacting with the surface to be traversed. For example, on agar gels the moisture level and the concentration of agar are critical factors influencing colony spread (Burchard, 1981 ; Garnjobst, 1945;  Glaser gL Pate, 1973; Henricksen, 1972; Stanier, 1946) . Agarose is not suitable for translocation of some gliding bacteria, but can be made so by the addition of a cold-water extract of agar or any of a variety of plysaccharides (Arlauskas 8r Burchard, 1982) .
Although the presence of extracellular dime associated with gliding bacteria is widely reported, the biochemical nature of the slime is not established. In those few cases where extracellular polymers were extracted and characterized, it was not possible to identify the extracted material as the same substance that comprises slime tracks nor to determine whether extracted polymers are required for motility. Not surprisingly, extracted materials consist of polysaccharides and glycoproteins (Humphrey er al., 1979; Johnson & Chilton, 1966; Sutherland, 1979; Sutherland & Thornson, 1975) . A surface glycoprotein extracted from cells of Fkxibacrer BH3 exhibited viscous properties typical of a Stefan adhesive, properties that seem perfectly suited for adherence of a bacterium to a substratum while at the same time allowing movement through the slime (Humphrey et al., 1979) . In the same report it was shown by electron microscopy of cells swarming over collodion-coated grids that extracellular material was secreted ahead and to the sides of the leading bacteria in a mass of swarming cells, suggesting that, when cells move over a surface, they are actually moving through their secreted slime.
In general, gliding bacteria adhere to surfaces over which they move, and it seems likely that adherence is a prerequisite for gliding (Arlauskas & Burchard, 1982; Burchard, 1981 ;  Humphrey er a!., 1979). When cells of C . johnsonae are examined by phase-contrast microscopy, only those cells that become attached to surfaces of the slide or cover glass exhibit active movements. Surfaces of free-floating cells are in motion, as determined by their ability to move latex spheres that come into contact with floating cells (Pate & Chang, 1979) , but cell surface motion alone does not result in translocation of cells; for this, attachment to a surface is required. Other evidence of the important role of an adhesive material in gliding and non-gliding movements of C . johnsonae comes from observing spinning, pivoting and somersaulting cells that become temporarily attached toglass slides (Pate & Chang, 1979) . These kinds of movements have been reported for a variety of gliding bacteria (Burchard, 1981 ; Henricksen, 1972; Lapidus & Berg, 1982) . Characteristics of non-spreading mutants of C. johnsome also suggest that a surface slime and adherence to a surface are required for gliding motility. Some non-spreading mutants are incapable of any movement ('truly non-motile' mutants), and others are actively motile when examined on glass slides by phase-contrast microscopy but produce non-spreading colonies on Pate, unpublished observations). Non-spreading mutants with similar characteristics were also derived from Flexihcter columnaris (Glaser & Pate, 1973) . Such motile non-spreading mutants obviously possess the machinery required to keep the cell surface moving, but are defective in a surface component necessary to translate cell surface movement into translocation over an agar gel. Perhaps sugars that inhibit colony spread modify properties of surface slime in a way that is similar to alterations of slime due to mutation. If gliding motility depends on the coating of a substratum with a temporary adhesive through which cells can then translocate, any alteration of the adhesive that interferes with its coating of the substratum or that prevents translocation of cells through it would prevent colony spread.
Any explanation for the inhibitory effects of sugars on colony spread must take into account the following observations: (a) sugars need not be transported or utilized; (6) relatively high concentrations of sugars are required to inhibit spread; (c) all sugars inhibit but some are more effective than others; (d) the inhibitory effects vary dependingon the nature of the gel but do not vary with different media (EC, SD, PB) added to the same gel; (e) the inhibitory compounds cause cells growing on surfaces to pack together in masses but do not inhibit motility or cause clumping of cells grown in broth cultures; (S, it has not been possible to isolate mutants that spread normally in the presence of sugars (non-inhibited mutants). An explanation that is compatible with these observations is that sugars inhibit colony spread by modifying the properties of a surface polymer (slime) required for translocation, and reducing its ability to spread on an agar surface or preventing movement of cells through it. An alternative explanation that is also consistent with the observations presented here is that sugars interact with agar, changing its properties and thereby preventing effective contact between slime and agar. At present there is no evidence that would clearly distinguish between the inhibitory effects of sugars being due to their interaction with slime or with agar, but one observation that favours the former hypothesis is that in all cases tested increasing concentrations of sugars led to decreased movement of individual cells away from the central mass. This was true for all gels tested whether colony spread was inhibited or not, suggesting that the cells themselves and not the gels are affected. But in either case, whether sugars interact with slime or with agar, the results reveal a cellular component that is required for translocation of motile cells. In order to function properly, this component must interact with the surface over which cells glide, and sugars interfere with the establishment of this interaction, depending on the nature of the surface being traversed.
Just how inhibitory sugars might interact with a surface slime to modify its properties and prevent colony spread is not understood. But if slime consists of heteropolysaccharides or glycoproteins such as those extracted from various gliding bacteria, possibilities exist for hydrogen bonding of neutral and charged sugars, ionic bonding of charged sugars, or even more specific kinds of interaction of sugars with glycoproteins. In this study a general lack of specificity was seen in the broad range of sugars that inhibit spread, but some degree of specificity is suggested by differences in effective concentrations for compounds in each of the three groups. Glucose is one of the group I inhibitors (most effective), and the other six inhibitors in this group and the two inhibitors in group I1 are derivatives of glucose molecules or disaccharides containing glucose, suggesting that these compounds might be more effective inhibitors due to their glucose moieties. However, the mere presence or absence of glucose is not sufficient to separate compounds into more effective and less effective inhibitors, since some group 111 compounds are also derivatives of glucose. Nevertheless, it is possible that stereochemical interactions required for the inhibition are more favourable with some glucose derivatives than with others. Lactose (group 111) has glucose in a #&linkage to galactose, whereas all group I disaccharides have glucose in a-linkages. Other group I11 glucose derivatives have bulky groups covalently linked to carbons 1 or 6, or, in the case of sorbitol, the aldehyde group at carbon 1 is reduced, thus preventing ring formation. In addition to bulky groups at carbons 1 or 6, glucose &phosphate, Pgluconic acid and D-glucuronic acid bear negative charges.
The exponential nature of the dose-response curve (Fig. 4) and inhibition by non-transported solutes suggest that sugars interact with specific sites on some extracellular component. The high concentrations required to inhibit suggest the presence of many sites per cell. Possible effects of sugars (or Mgz+, Ca2+ or Sot-) on an extracellular slime include altered water-binding properties of the slime, altered viscosity or altered interaction of polymer chains with each other (Rees, 1975) . Any of these kinds of modifications might hinder the spread of slime over another surface.
Although the degree of inhibition of spread caused by sugars varied on different types of gels, one effect of sugars was seen on all gels tested : at increasingly higher concentrations of sugars, cells were packed into increasingly larger masses. But it is clear that the mere pEsence of sugars does not cause cells to clump, since cells did not clump together in broth cultures with up to 100 mwglucose or any of several other sugars. The different effects of sugars in broth and on surfaces can be explained by assuming that surface slime modified by complexing with sugars resists coating agar surfaces but is still water-soluble and capable of dispersal in broth. Why do sugars inhibit spread on 1 0 5 % agar gels but not on 0.7% gels? There is reason to believe that cells of C. j o h o m e cannot translocate directly over the surface of an agar gel but must first coat the agar surface with a slime and then move through the slime. The requirement for accumulation of slime may explain the adaptation period during which cells stop moving after being transferred from broth to an agar surface. Surfaces of 0.7% agar gels, in addition to having less polymer per unit area than do 1.5 % gels, have more water that is not bound up in the agar gel. The surfaces of these gels are very moist, and it is difficult to detect motility of cells at edges of colonies on such gels because they are constantly in motion due to Brownian effects and vibrations transmitted through the microscope stage. These kinds of movements are probably responsible for the random arrangement of cells at the edges of these colonies (Fig. 9e) . When sugars are added to these gels, the effect is similar to that on 1.5% agar gels in that increasing the concentration of sugar causes increasingly greater clumping of cells. Again, it appears as though cells are held together in a slime, but in the case of the 0.7% agar gel, slight clumping at low concentrations of sugar actually enhances colony spread. Perhaps the modified slime is unable to spread over the relatively dry surface of a 1.5% agar gel but can spread through the film of water covering the 0.7% agar gel.
A complex biological process such as gliding motility is made easier to investigate when it can be separated into two or more simpler components. The results reported here, along with results from earlier studies, allow us to distinguish two separate systems required for gliding motility of C. johnsome. The two systems can be demonstrated experimentally. One system consists of all surface components necessary to bring about active movements of the cell surface, as demonstrated by the movement of latex spheres over the cell surface and by the spinning and somersaulting movements of individual cells (Pate & Chang (1979) . We refer to this system as the 'machinery' of motility. The nature of the machinery is as yet unknown, but one hypothesis is that it consists of a system of rotary motors, similar to those that turn bacterial flagella (Pate & Chang, 1979) . Another hypothesis to explain similar surface movements in a different Cyrophaga species is that the machinery consists of sites on the outer membrane of the cell that move along tracks fixed to the peptidoglycan layer (Lapidus & Berg, 1982) . Whatever the nature of the machinery, a separate system is required to allow cells with moving surfaces to translocate over another surface, and the need for it in gliding motility is recognized in motile non-spreading mutants and in wild-type cells incubated with sugars, two experimental conditions that render cells with actively moving surfaces unable to translocate. The second system probably consists of surface polymer (slime).
Studies on the genetics of gliding motility of Myxococcus xunthus have shown the existence of at least two sets of genes controlling two separate systems of motility in that organism (Hodgkin 8t Kaiser, 1979a, b) . Owing to many differences between M . xunthus and C. johnsome and to differences in the experimental approaches used to define the two systems required for gliding, it is impossible at present to guess whether eventual elucidation of the cellular components underlying the two systems of each organism will reveal any relationships between them.
The failure to demonstrate a positive chemotactic response in M. xanthus (Dworkin & Eide, 1983) or C. johnsome is perhaps not surprising with hindsight. Gliding bacteria in general appear to have evolved for growth dependent upon competition for insoluble macromolecules. The relationship between the creeping style of movement and the ability to grow using a variety of polymers has long been recognized (Dworkin, 1966; Kaiser et al., 1979; Stanier & Van Niel, 1941) . Given the slow rates of surface translocation, and assuming that gliders are in fact specialized to compete for macromolecules rather than diffusible solutes as sources of nutrients, there would be no selective advantage in possessing a system enabling cells to respond to a spatial gradient of diffusible solutes. A more useful kind of behaviour for a bacterium that digests macromolecules while creeping over their surfaces might be one that ensures that cells are constantly moving away from the main mass of cells when nutrients are absent or below a certain critical concentration, and that somehow immobilizes the cells in areas where nutrients are plentiful. Immobilization of cells could be accomplished by (a) repression of synthesis of motility machinery; (6) inhibition of operation of motility machinery; (c) alteration in the pattern of movements, say from directed movements away from the mass of cells to completely random movements; (d) prevention of escape from the immediate area by somehow physically restraining the cells. The effects of sugars on colony spread of C.johnsonae on agar gels support a scheme such as this with immobilization being achieved by physical restraint of cells in a slime whose characteristics differ depending on the concentration of free sugars or sugars released by hydrolysis of polysaccharides. However, the inhibitory effects of sugars on colony spread may not occur in natural environments exactly as they occur on surfaces of 1.5% agar gels. Indeed, the responses vary among the limited number of gels tested in this study. But even though the effects of sugars on the rate of colony spread varied from one type of gel to another, their effects on the arrangement of cells at colony edges were always the same: increasing concentrations of sugars led to a decreasing ability of cells to escape the slime and leave the mass as single cells or small groups of cells.
Although the basis for the inhibitory effects of sugars on colony spread of C. johnsonae is not understood, and the importance of these effects in nature is unclear, it is interesting to note that inhibitory effects of nutrients on colony spread are common among the gliding bacteria (Burchard, 1974 (Burchard, , 1981 ; Duxbury ef al., 1980; Garnjobst, 1945; Henricksen, 1972; Stanier, 1946) . The kinds of compounds that inhibit spread of colonies on agar surfaces vary from one gliding bacterium to another, and in most cases where observations of this nature have been reported it has not been established if cell motility or cell translocation was inhibited. Casamino acids added to concentrations between 0.1 to 2.0% supported good growth of cells of Flexibacter BH3 on a mineral salts agar medium but completely inhibited colony spread, whereas glucose, at concentrations up to 5% did not inhibit colony spread (Duxbury et al., 1980) . It was not reported whether cells from non-spreading colonies on the Casamino acid plates were motile. As with C. johnsome, Mg2 concentrations. The effects of cations on the motility of the cells were determined by microscopically observing cells in a dialysis microchamber while the concentrations of salts in the microchamber were adjusted. It was reported that 0-1 M-K +, Mg2 + and Ca2 + inhibited motility of the cells. But 0.1 M-Na + appeared to render most cells incapable of adhering to the surface; whenever a cell was seen attached to a surface it was capable of movement, suggesting to the authors that the presence of Na+ somehow modified the physical properties of the slime so that it no longer served as an effective temporary adhesive. This is the only other report we are aware of in which it was demonstrated that a solute inhibited colony spread of a gliding bacterium without affecting its motility. Stanier (1946) noted that colonies of C. johnsome growing on peptone media varied in appearance depending on peptone concentration : at concentrations of 1 . O x or lower, typical myxobacterial spreading colonies were obtained, and higher concentrations of peptone resulted in non-spreading colonies. He concluded that the high proteinaceouscontent of some nutrient media inhibit cell motility. In the present study and in an earlier report (Chang & Pate, 1981) colony spread of C. johrrsonae was inhibited by increasing the concentration of tryptone in EC agar, but individual amino acids or Casamino acids failed to decrease colony spread at any concentration. Commercial peptones and tryptones contain sugars as well as amino acids, and at the inhibitory levels used, the concentration of sugars might be sufficiently high to inhibit colony spread.
It is impossible at present to do more than speculate on the importance of the inhibitory effects on translocation caused by certain solutes in the natural history of these bacteria, but the phenomenon described here may prove useful in attempts to identify and characterize components of a slime required by cells of C. johnsonae for surface translocation. Our inability to isolate mutants whose colony spread is not inhibited by sugars, suggests that any mutant deficient in a surface polymer whose properties are affected by sugars would be unable to spread, and therefore could not be detected. Some of the motile, non-spreading mutants alluded to earlier may be unable to translocate over an agar surface due to their inability to produce the slime that, in wild-type cells, is modified upon addition of sugars. Thus, comparison of slime material from such mutants with that of wild-type cells may aid in identifying the component necessary for colony spread. Once a candidate for this role is identified and isolated, characterization of its properties (e.g. hydration, swelling of gel, binding of sugars, viscosity) in the presence and in the absence of sugars should lead to an understanding of the molecular basis for the inhibition of colony spread by various solutes.
